Background. Dysfunction of polymorphonuclear leucocytes (PMNLs) in end-stage renal disease (ESRD) patients contributes to a diminished immune defence. The serum levels of leptin are elevated in patients with ESRD. We analysed in vitro effects of leptin on PMNLs from healthy subjects (HS; n = 12) and haemodialysis (HD) patients (n = 15) before and after HD. Methods. PMNL oxidative burst and phagocytosis were tested by flow cytometry in whole blood. Chemotaxis of isolated PMNLs was assessed by the under-agarose method. To assess the involvement of leptin in PMNL signalling pathways, signal transduction inhibitors were used and the activity of intracellular kinases was investigated by western blotting, in vitro kinase assays and the Luminex technology. Results. Increasing the leptin level in the blood of HS leads to a reduced activation of the oxidative burst by Escherichia coli and phorbol 12-myristate 13-acetate. Activation of the oxidative burst is reduced in the blood of HD patients and the addition of leptin does not lead to further PMNL inhibition. Leptin at a concentration measured in HD patients significantly reduces the chemotaxis of PMNLs from HS but had no effect on PMNLs from ESRD patients before and also after HD treatment with high-flux dialysers. The phosphoinositide 3-kinase/Akt pathway is involved in the inhibitory effects of leptin. Conclusions. In the presence of leptin, PMNLs from HS and HD patients respond differently to stimuli. The lack of response to leptin in PMNLs from HD patients cannot be influenced by HD.
Introduction
Patients with chronic kidney disease (CKD) have an increased risk of morbidity and mortality. After cardiovascular disease, bacterial infections are the second major risk factor [1] . The disturbed non-specific immune system in CKD is mainly a consequence of disturbed polymorphonuclear leucocyte (PMNL) functions [2] [3] [4] . PMNLs, cells of the first-line non-specific immune defence, migrate to the site of infection along a chemotactic gradient; they ingest the invading microorganisms by phagocytosis and kill them with proteolytic enzymes and toxic oxygen radicals produced during the oxidative burst. Disturbances of any of those essential PMNL functions give rise to an increased risk for bacterial infections. For instance, PMNLs from haemodialysis (HD) patients have a lower intracellular killing capacity compared with controls [5, 6] . This may be attributed to a decreased oxidative burst upon stimulation [7, 8] .
Various uraemic toxins, solutes that accumulate in patients with CKD and adversely affect essential biologic functions in general and the immune response in particular, have been previously reported [9] [10] [11] [12] . Serum levels of adipokines, proteins secreted by adipocytes, are increased in uraemia [13] . We recently found that resistin attenuates chemotaxis and decreases the activation of the oxidative burst in PMNLs from healthy subjects (HS) [14] . The effect of the adipocytokine leptin, a signal of satiety to the brain and regulator of insulin and glucose metabolism, on PMNLs has not been clarified so far [15] [16] [17] [18] .
We tested the influence of leptin on essential PMNL functions and investigated the leptin effect on PMNL signalling. Because cells of CKD patients are exposed to the uraemic milieu and may respond differently compared with cells from HS, we included PMNLs from HD patients in our study.
Materials and methods

Materials
Human recombinant leptin was from BioVendor Laboratory Medicine (Brno, Czech Republic), saline solution (0.9% NaCl) from Fresenius Kabi (Graz, Austria), Giemsa stain from Merck (Darmstadt, Germany), polystyrene conical tubes and culture tissue dishes for chemotaxis assays from Becton Dickinson (Franklin Lakes, NJ), Ficoll-Hypaque from GE Healthcare (Uppsala, Sweden) and Hank's buffered saline solution from Gibco (Paisley, UK). Unless otherwise specified, all other chemicals were from Sigma-Aldrich, St Louis, MO.
Leptin serum concentrations
Leptin levels were measured by a sandwich enzyme immunoassay. A human leptin immunoassay (Quantakine) was used according to the instructions of the supplier (R&D Systems, Inc., Minneapolis, MN). The optical density was measured in a microplate reader (Anthos Reader HT 3; Anthos Labtec Instruments, Wals, Austria) at 450 nm.
Isolation of PMNLs
PMNLs were isolated from heparinized blood of 12 HS and 15 maintenance HD patients. Informed consent was given by all donors. For leucocyte function analysis, smokers and people taking medication or having infection or inflammation were excluded. Patients undergoing regular HD treatment with high-flux membranes (nitrocellulose triacetate from Nipro, Osaka, Japan, or polysulphone from Fresenius, Oberursel, Germany) had a Kt/V of 1.33 ± 0.05. Underlying diseases of the HD patients were diabetic, hypertensive or analgesics nephropathy, chronic glomerulonephritis and end-stage renal disease (ESRD) after acute renal failure induced by contrast medium. Four patients had ESRD of unknown origin. As previously described [9] , discontinuous Ficoll-Hypaque density gradient centrifugation and hypotonic lysis of erythrocytes were used. The viability of the PMNLs obtained by this protocol was >95% as determined under the fluorescence microscope.
Chemotaxis
Chemotaxis was assessed by the under-agarose method as previously described [9] . The distance the PMNLs migrated under the agarose was determined under a microscope. To test the reversibility of the leptin effect, PMNLs were incubated in the presence of leptin at 37°C for 30 min. After washing the PMNLs twice, they were re-suspended in phosphatebuffered saline (PBS) and used for the chemotaxis assay.
Oxidative burst
PMNL oxidative burst was measured after adding 10 μL of leptin stock solutions or 10 μL PBS to 90 μL heparinized blood. Dihydrorhodamine 123 was used as fluorogenic substrate (Bursttest; Opregen Pharma, Heidelberg, Germany). After lysis of erythrocytes and fixation, the conversion of dihydrorhodamine 123 to rhodamine 123 by intracellularly produced H 2 O 2 was quantified by flow cytometry (Epics XL-MCL; Coulter, Hialeah, FL). The mean fluorescence intensity without stimulus and leptin was set as 100%.
Inhibition experiments
The signal transduction inhibitors SB203580, PD98059 and LY294002 were purchased from Calbiochem (EMD Biosciences, Inc., Darmstadt, Germany) and used at final concentrations of 30, 50 and 10 μM, respectively. For the stock solutions, inhibitors were dissolved in dimethyl sulphoxide (DMSO). The end concentration of DMSO of 0.1 w/v % did not influence the results and was used as control.
Activity of intracellular kinases
Incubations. PMNLs (3 × 10 6 in 100 μl) were incubated in the presence of leptin (70 ng/mL) or PBS alone at 37°C for 5 min. Luminex technology. Total and phosphorylated kinases were also measured using the MILLIPLEX (Luminex) system (Millipore Corporation, Billerica, MA) according to the manufacturer's protocol. This flow cytometric assay uses monoclonal antibodies linked to microspheres labelled with different proportions of two fluorescent dyes allowing the detection of different kinases in one sample.
Glucose uptake
The basal and N-formyl-methionyl-leucyl-phenylalanine (fMLP)-stimulated glucose uptake by isolated PMNLs in the absence and presence of leptin was measured as previously described [11, 19] .
Phagocytosis
The phagocytotic activity of PMNL was quantified in heparinized whole blood. Flow cytometry (Epics XL-MCL) was used to determine the percentage of PMNL that had taken up fluorescein isothiocyanate-labelled opsonized E. coli (Phagotest; Opregen Pharma) and the amount of ingested E. coli per PMNL in the absence and presence of leptin was determined by flow cytometry.
Statistical analysis
Wilcoxon matched-pair signed-rank statistic was used for data analysis of assays testing the PMNL functions influenced by leptin. Data are presented as mean values ± SEM. For non-paired data, we used the t-test. 
Results
Leptin serum concentrations
Serum leptin levels were significantly elevated in HD patients as compared with HS ( Figure 1 ). Whereas the leptin concentrations in healthy women were significantly higher than in healthy men, no gender difference was observed in HD patients ( Figure 1 ). Of note, results gained in the PMNL functional assays did not differ for cells obtained from healthy females or males.
PMNL oxidative burst
The basal levels of PMNL oxidative burst were not different in the blood of HS compared with HD patients before and after an HD session (data not shown). However, the E. coliand PMA-stimulated oxidative burst was significantly lower in HD patients before HD treatment (Table 1) . HD did not improve PMNL reactivity towards PMA, whereas E. coli stimulation was increased after HD but did not reach levels of HS (Table 1) . Addition of leptin to blood from HS did not change the basal oxidative burst (data not shown) but attenuated the stimulation of the PMNL oxidative burst by E. coli (Figure 2A ) or PMA ( Figure 2B) . Already, the lowest added amount of leptin (10 ng/mL) significantly reduced the stimulation by both E. coli and PMA. There was no stronger inhibition when the leptin levels were further increased. Increasing the leptin concentration in the blood of HD patients did not lead to further inhibition ( Figures 2C and 2D) .
The activation of the oxidative burst of PMNLs from HS ( Figure 3A ) and HD patients pre-and post-HD ( Figure 3C ) by E. coli was significantly diminished by SB203580 (an inhibitor of p38 MAPK) and LY294002 (an inhibitor of PI3K) alone indicating an involvement of p38 MAPK and PI3K in oxidative burst activation, whereas PD98059 had no impact. Inhibition of PI3K led to a strongly diminished stimulation of the oxidative burst by PMA in HS and HD patients pre-and post-HD ( Figure 3B and D) pointing to a prominent role of the PI3K pathway in the stimulation of PMNLs with PMA. SB203580 and PD98059 decreased the PMA-stimulated oxidative burst of PMNLs obtained from HS. In contrast, this effect did not reach significance for HD patients before and after HD treatment ( Figure 3C and D). Except for the inhibition of the PMA-stimulated oxidative burst by SB203580, leptin did not show a significant additional inhibitory effect.
Activation of intracellular kinases
Escherichia coli and PMA induced a significant activation (phosphorylation) of p38 MAPK and ERK (p44/42 MAPK) in PMNLs of both HS and HD patients (Figures 4 and 5) . Leptin did not change the degree of phosphorylation indicating that leptin has no effect on or upstream of p38 MAPK and ERK (p44/42 MAPK). These results obtained by western blotting were confirmed by using the Luminex technology ( Figures 6 and 7) . We determined the activity of Akt, a downstream effector of PI3K, by measuring the phosphorylation of GSK-3, a substrate of AKT. Leptin decreased the basal Akt activity in PMNLs of HS and HD patients (Figure 8 ). PMA did not change this inhibitory effect of leptin. However, in the absence of leptin, PMA significantly increased the Akt activity in cells from HS but not from HD patients suggesting that Akt phosphorylation is blocked in PMNLs from HD patients. Escherichia coli reduced the Akt activity in both PMNLs from HS and HD patients as a result of phosphatases activated during the incubation of PMNLs with E. coli (data not shown).
Phosphorylation of IκBα
Nuclear factor-κB (NF-κB) is another important downstream effector of the PI3K/Akt pathway. Phosphorylation of NF-κB-bound IκBα, the major inhibitor of NF-κB, results in IκBα degradation and thereby activates NF-κB by allowing its nuclear translocation [20] . Therefore, the phosphorylation of IκBα is used as a measure for NF-κB activation. PMA induced the phosphorylation of IκBα in PMNLs from healthy donors but not from HD patients (Figure 9 ). This effect was abolished in the presence of leptin. These results are consistent with an involvement of Akt in NF-κB activation.
Leptin effect on PMNL chemotaxis
Leptin at a uraemic concentration significantly attenuated chemotaxis of PMNLs isolated from HS ( Figure 10A ). When PMNLs were pre-incubated with leptin and the protein was subsequently removed, no inhibition of chemotaxis 
Fig. 4. Effect of leptin on p38 MAPK activation (western blotting). p38 MAPK (p38) and phospho-p38 MAPK (P-p38) were detected in extracts of PMNLs from HS (A and B) and from patients on HD treatment (C and D) stimulated by Escherichia coli (A and C) or by PMA (B and D) incubated in
the presence of 70 ng/mL leptin or buffer alone. Representative western blots and the densitometric evaluation of the blots are shown. Mean values ± SEM. n = 3-7; *P < 0.05 and **P < 0.01 versus the absence of stimulus. was observed ( Figure 10A ). The chemotaxis of PMNLs isolated from HD patients before or after dialysis was also not affected by leptin ( Figure 10B ). Because the absolute distances migrated by PMNLs from HS and HD patients
were not different (data not shown), the absence of an effect of leptin on chemotaxis of PMNLs from HD patients cannot be explained by an already diminished migration of PMNLs from HD patients. The ratio between P-p38 and p38 was calculated and set as 1 for the absence of stimulus and leptin. Mean values ± SEM. n = 4; *P < 0.05 and **P < 0.01 versus the absence of stimulus. Effects of leptin on PMNL glucose uptake and phagocytosis fMLP stimulated the glucose uptake, a measurement of PMNL metabolic activity, 2.63-fold above basal level. Leptin had no effect on the glucose uptake of PMNLs from HS stimulated by fMLP (data not shown). Approximately 90% of PMNLs from healthy donors took up opsonized E. coli bacteria in whole blood. Increasing the leptin concentration did not alter this value (data not shown). The number of E. coli ingested per PMNL did not differ when leptin levels were elevated (data not shown).
Discussion
Addition of leptin to the blood of HS leads to a diminished activation of the oxidative burst by E. coli and PMA. Increasing the leptin concentration in the blood of HD patients with an already reduced PMNL response to stimulation does not lead to further inhibition ( Figures 2C and 2D ). Leptin at a concentration measured in HD patients significantly reduces the chemotaxis of PMNLs from HS in a reversible manner but had no effect on PMNLs from HD patients (Figure 10 ). The PI3K/Akt pathway is involved in the leptin effect.
In the present study, we tested the effect of leptin on functions of PMNLs, cells of the first-line non-specific immune defence. Whereas low serum levels of leptin correlate to an increased incidence of infections related to malnutrition [21] , leptin concentrations are elevated in the blood of ESRD patients, who have a high risk of bacterial infections [22] . Serum leptin levels correlate negatively with the glomerular filtration rate [23] but are also increased as a result of increased production in uraemia [24] . Hence, leptin is a potential uraemic toxin contributing to the disturbed immune response by interfering with PMNL functions presumably via interaction with a previously identified leptin receptor [15] . Obese people who have high leptin serum levels [25] have also an increased susceptibility to infections [26, 27] . Conversely, leptin production is acutely increased during infection and inflammation [28] .
For the in vitro experiments, leptin levels were chosen according to those previously described [22] and determined in this study. We measured leptin serum concentrations of 17.8 ± 3.7 ng/mL (mean value ± standard deviation) for HS and 64.4 ± 12.1 ng/mL for HD patients (Figure 1 ). In agreement with the literature [29, 30] , we found that leptin levels are higher in healthy females (29.5 ± 5.5 ng/mL) than males (4.0 ± 0.9 ng/mL), but no gender dependency in HD patients. Considering the circadian rhythm of leptin secretion in humans [31] , it is important to state that all serum samples were obtained between 7 AM and 9 AM. Fig. 9 . Effect of leptin on the phosphorylation of IκBα as a measure for NF-κB activation. IκBα and phospho-IκBα (P-IκBα) were detected by the Luminex technology in extracts of PMNLs from HS (A) and from patients on HD treatment (B) stimulated by PMA incubated in the presence of 70 ng/mL leptin or buffer alone. The ratio between P-p44/ 42 and p44/42 was calculated and set as 1 for the absence of stimulus and leptin. Mean values ± SEM. n = 4; *P < 0.05 versus the absence of stimulus. Fig. 8 . Effect of leptin on the stimulation of Akt activity. Phospho-GSK-3 (P-GSK-3) was detected in extracts of PMNLs from HS (A) and from patients on HD treatment (B) stimulated by Escherichia coli (E) or by PMA (P) incubated in the presence of 70 ng/mL leptin (L) or buffer alone (0). Mean values ± SEM. n = 3-6; *P < 0.05 and **P < 0.01 versus the absence of both stimulus and leptin (0; 0). $ P < 0.05 and $$ P < 0.01 versus the absence of leptin.
§ P < 0.05 and § § P < 0.01 versus the absence of stimulus.
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In our study, the oxidative burst stimulated by E. coli or PMA was significantly lower in HD patients compared with healthy controls. This is consistent with some previous reports [7, 8, 32] , whereas others did not observe a different PMNL reactivity [33, 34] . There are also contradictory results regarding the basal levels of PMNL oxidative burst. Our group and others [8, 35] observed no difference between cells from HS and HD patients, whereas older studies found higher levels of basal reactive oxygen species (ROS) production in ESRD [36, 37] . Part of this discrepancy may be explained by the different methods used to assess the oxidative burst detecting different ROS intra-or extracellular in whole blood or in isolated PMNLs. Interestingly, Patruta et al. [32] showed that basal oxidative burst activity is significantly increased only in HD patients 'over treated' with iron or with iron overload.
There are a few inconsistent reports on the influence of leptin on PMNL oxidative burst. Ottonello et al. [17] and Montecucco et al. [18] found that leptin had no effect on the basal or fMLP-triggered oxidative burst. CaldefieChezet et al. [15] detected a significant increase in oxidative burst activity of PMNLs stimulated by PMA by leptin. In another study of the same group [16] , no significant variation was seen for PMA-stimulated PMNLs incubated with leptin. We found that the stimulation of the oxidative burst was significantly attenuated when the concentration of leptin was increased in the blood of HS but not in the blood of HD patients. Already, the smallest increase in leptin levels significantly reduced the activation by both E. coli and PMA in HS. A further increase in leptin concentration did not result in a stronger inhibition. This seems plausible since the pathway affected by leptin is not the only one involved in the activation of the oxidative burst, i.e. other kinases (originally termed 'novel kinases') besides Akt are stimulated by PI3K during the activation of the oxidative burst [38] . As expected from the same resting levels of PMNL oxidative burst in HS and HD patients, increasing the leptin concentration did not change the basal cell activity.
In the hypothalamus, the appetite-controlling action of leptin is mediated by the long isoform of the leptin receptor (Ob-Rb) activating PI3K, MAPKs and the principal signal transduction pathway induced by leptin, activation of signal transducer and activator of transcription 3 (STAT 3) [39] . Only Ob-Rb mediates intracellular signalling via phosphorylation of STAT3 [40, 41] . PMNLs express only the short form of the leptin receptor (Ob-Ra) mediating signals into PMNLs via PI3K and p38 MAPK [42] . Since PI3K and MAPKs participate in several PMNL functions [43] , we measured the activities of p38 MAPK, ERK (p44/ 42 MAPK) and Akt, a kinase that mediates PI3K-dependent phosphorylation of p47 phox , a nicotinamide adenine dinucleotide phosphate oxidase component, and contributes to the activation of the oxidative burst in PMNLs [44] .
Inhibition of PI3K led to a strongly diminished stimulation of the oxidative burst by PMA pointing to a prominent role of the PI3K pathway. Previous reports [38, 45] state that PI3K inhibition does not interfere with the stimulation of the oxidative burst. However, more recent publications show that LY294002 inhibits the PMA-stimulated oxidative burst [46] and protein kinase C activates PI3K via phosphorylation of the tyrosine kinase Syk [47] . Furthermore, protein kinase C activation contributes to PI3K/Akt activation in T cells [48] .
In a following set of experiments, we directly tested whether leptin interferes with the activation of intracellular kinases. Escherichia coli and PMA induced a significant activation of p38 MAPK and ERK (p44/42 MAPK). The presence of leptin did not change the degree of the basal and E. coli-or PMA-induced phosphorylation of p38 MAPK and ERK (p44/42 MAPK) in PMNLs of HS and HD patients indicating that leptin has no effect on or upstream of p38 MAPK and ERK (p44/42 MAPK). Figure 11 shows a simplified chart of signalling pathways compatible with the results obtained in inhibition and kinase activity experiments. In contrast to PMNLs, leptin activates the PI3K/Akt signalling pathway in several other cell types such as in human dendritic cells [49] and macrophages [50] . However, the absence of a functional Ob-Rb in these cells leads to a down-regulated activity of the PI3K/Akt pathway. This may explain the different signalling in PMNLs lacking Ob-Rb. Consistent with this explanation, leptin activates NF-κB, another important downstream effector of the PI3K/Akt pathway, in dendritic cells [51] but not in PMNLs (Figure 9 ). Escherichia coli reduced the Akt activity as a result of phosphatases activated during the incubation with PMNLs [14] . Therefore, the mechanism of E. coli stimulation could not be clearly defined at present. PMA significantly increased the Akt activity only in cells from healthy donors suggesting that Akt phosphorylation is hampered in patients' PMNLs and other kinases may mediate the PMA stimulatory effect (Figure 8 ). These differences in the activation of Akt by PMA (in the absence of leptin) point to differences in intracellular signalling between PMNLs from HS and HD patients. This further suggests that the lack of effect of increasing the leptin concentration in the blood of HD patients may be caused by an intrinsic defect of PMNLs rather than the already increased leptin level. Many of the observed effects may be explained by a different leptin receptor expression or activation. However, the fact that the major effect of leptin in our study, i.e. the inhibition of Akt activity, is the same for HS and HD patients argues against this explanation.
Several partly contradictory reports describing the effect of leptin on PMNL chemotaxis have been published so far. Caldefie-Chezet et al. [15] and Ottonello et al. [17] both found that leptin per se acts as a chemoattractant for PMNLs. Whereas the former group showed that leptin increases PMNL migration as expressed by the chemotactic index, the latter described a dose-dependent inhibitory effect of leptin on PMNL chemotaxis applying the leading front method using blind well chambers. We found that leptin at a concentration measured in HD patients significantly reduces the chemotaxis of PMNLs from HS in a reversible manner. The absolute distances migrated by PMNLs from HS and HD patients were not different. Therefore, the absence of a leptin effect on chemotaxis of PMNLs from HD patients cannot be explained by an already diminished migration of patients' cells but rather by an insensitivity of patients' cells. Hence, in the case of chemotaxis, data from cells of HS may be representative for the immediate but not for the chronic response of PMNLs to leptin. In agreement with our present data, we previously showed that the uraemic retention solute para-hydroxy-hippuric acid affects PMNLs isolated from healthy donors and from HD patients differently [52] .
In conclusion, our data suggest as a consequence of continuous exposure to the uraemic milieu, a difference in signal transduction between PMNLs from HS and HD patients. Leptin reduces the activity of Akt in both groups but had no effect on PMNLs from ESRD patients before and after effective HD treatment with high-flux membranes. Similar results have been obtained with para-hydroxyhippuric acid [52] and resistin (Gerald Cohen, Jana Raupachova, Walter H. Hörl, unpublished observation). Therefore, results obtained with PMNLs from HS may reflect the response to an acute (local) exposure of PMNLs to uraemic toxins but cannot necessarily be extrapolated to the chronic effect of uraemic retention solutes. This has to be considered when interpreting data from in vitro experiments. Nevertheless, since leptin has been shown to be a mediator of the inflammatory response by activating other immune cells [53] that express the long isoform of the leptin receptor, decreasing the leptin concentration to normal levels remains a challenge in clinical practice.
